Functional maps in the cerebral cortex reorganize in response to changes in experience, but the synaptic underpinnings remain uncertain. Here, we demonstrate that layer (L) 2/3 pyramidal cell synapses in mouse barrel cortex can be potentiated upon pairing of whisker-evoked postsynaptic potentials (PSPs) with action potentials (APs). This spike-timingdependent long-term potentiation (STD-LTP) was only effective for PSPs evoked by deflections of a whisker in the neuron's receptive field center, and not its surround. Trimming of all except two whiskers rapidly opened the possibility to drive STD-LTP by the spared surround whisker. This facilitated STD-LTP was associated with a strong decrease in the surrounding whisker-evoked inhibitory conductance and partially occluded picrotoxin-mediated LTP facilitation. Taken together, our data demonstrate that sensory deprivation-mediated disinhibition facilitates STD-LTP from the sensory surround, which may promote correlation-and experience-dependent expansion of receptive fields.
INTRODUCTION
Sensory deprivation restructures cortical sensory maps, with active inputs gaining cortical space at the expense of less active ones (Merzenich et al., 1983) . Some of the most compelling evidence for experience-dependent remodeling of adult cortical circuits has come from studies in the mouse primary somatosensory cortex (S1) (Feldman, 2009; Fox and Wong, 2005) . ''Barrel''-like clusters of cells in L4 of S1 have a strong one-to-one anatomical connection with the whiskers on the mouse's snout ( Van der Loos and Woolsey, 1973) . L4 cells project in a columnar fashion to supragranular pyramidal cells. As a result neurons in L2/3 have receptive fields that are strongly tuned toward one whisker, called the principal whisker (PW) (Figures 1A and 1B) (Armstrong-James et al., 1992) . The nearest surrounding whiskers (SWs) constitute the periphery of the receptive fields. The removal of a subset of whiskers induces the input-deprived cortical cells to increase their subthreshold and suprathreshold responses to stimulation of the neighboring spared whiskers, causing the spared whisker representations to expand into the surrounding barrel columns (Diamond et al., 1994; Glazewski et al., 2000) .
Multiple synaptic mechanisms have been proposed to drive the expansion of spared whisker representations in a partially deprived barrel cortex (Feldman, 2009) . For example an imbalance in sensory input induces forms of synaptic long-term potentiation (LTP) that may strengthen latent intracortical connections (Clem and Barth, 2006; Finnerty et al., 1999; Glazewski et al., 2000) , or stimulates the formation of new synapses whose stabilization may in turn depend on LTP-like processes (Cheetham et al., 2008; Hardingham et al., 2011; Wilbrecht et al., 2010) . Tactile deprivation has also been shown to decrease the number of cortical inhibitory synapses (Chen et al., 2011; Keck et al., 2011; Micheva and Beaulieu, 1995) and reduce feedforward inhibitory currents in vitro (Chittajallu and Isaac, 2010; House et al., 2011; Jiao et al., 2006) . Such disinhibition may allow sensory-driven excitation to spread over a larger population of supragranular pyramidal neurons (Kelly et al., 1999; Li et al., 2002) and to invade neighboring columns (Tremere et al., 2001) . Despite strong evidence for each of these synaptic mechanisms separately, the interrelationship remains poorly studied in the context of barrel cortex plasticity.
Spike-timing-dependent plasticity (STDP), which is defined as the bidirectional modification of postsynaptic potentials (PSPs) after repeated coincidence of postsynaptic subthreshold and suprathreshold potentials (Markram et al., 1997) , has been postulated as a Hebbian learning rule that could drive surround potentiation (Feldman, 2009; Sjö strö m et al., 2008) . In acute slices of barrel cortex, the paired stimulation of L4-to-L2/3 inputs with back-propagating postsynaptic action potentials (APs) induces LTP in L2/3 neurons of the stimulated barrel column (Banerjee et al., 2009; Feldman, 2000; Hardingham et al., 2008) and in some occasions in the neighboring barrel column (Hardingham et al., 2011) . Whisker deprivation rapidly changes the spike timing and spike order in barrel cortex (Celikel et al., 2004) and modulates the ability to induce spiketiming-dependent long-term potentiation (STD-LTP) in brain slices (Hardingham et al., 2008 (Hardingham et al., , 2011 . Together, this suggests that barrel cortex map plasticity could be driven in vivo by a spike-timing-dependent mechanism, similar to retinal injuryinduced visual cortex reorganization (Young et al., 2007) . However, it is worth noting that most of the evidence for cortical STDP comes from studies in brain slices and that despite successful attempts to induce sensory input-mediated STD-LTP in the visual (Meliza and Dan, 2006) and auditory (Froemke et al., 2007) cortex, as well as STD long-term depression (LTD) in the somatosensory cortex (Jacob et al., 2007) , whiskerevoked STD-LTP has not yet been demonstrated convincingly.
Here, we characterized whisker-evoked STD-LTP in vivo and investigated its effectiveness to drive surround potentiation in a model for experience-dependent cortical map plasticity, in which all except two neighboring whiskers are trimmed. It was previously shown that a brief period of this ''dual-whisker experience'' (DWE) causes the cortical representations of the two spared whiskers to overlap with one another (Diamond et al., 1994) . We found that STD-LTP could be efficiently induced in the naive barrel cortex, but only by the PW and not by SW deflections. DWE induced a disinhibition of SW-evoked responses and facilitated surround STD-LTP.
RESULTS

STD-LTP Can Be Produced by PW but Not by SW Deflections
To study if STD-LTP could serve as a mechanism for sensorydriven response potentiation in the barrel cortex, we performed whole-cell recordings of supragranular pyramidal cells in vivo in one barrel column while repeatedly combining deflections of either the PW or SW with intracellular current injections. Prior to the whole-cell recordings, the C1 and C2 barrel columns were identified using intrinsic optical signal imaging ( Figure 1A ; see Figures S1A-S1C available online). Under anesthesia, regular spiking layer (L) 2/3 pyramidal cells in the C2 barrel column were blindly patched ( Figure 1B) . Consistent with previous findings, deflections of the PW (C2) or SW (C1) evoked compound PSPs with variable amplitudes (Brecht et al., 2003; Wilent and Contreras, 2004) . To facilitate comparisons of PSPs under different conditions, further analysis was confined to the peak amplitudes and integrals within 40 ms after whisker deflection, and only if PSPs arose during membrane potential down states (for details see Experimental Procedures; Figures S1D-S1K). PW-evoked PSPs had slightly shorter onset latencies (PW, 10 ± 0.5 ms; SW, 11.3 ± 0.5 ms, n = 20; p < 0.001; Figure 1D ), higher peak amplitudes (PW, 9.2 ± 1.3mV; SW, 5.4 ± 0.8mV, n = 20; p < 0.001; Figure 1E ), and larger integrated potentials (PW, 199 ± 32mV3ms; SW, 124 ± 21mV3ms, n = 20; p < 0.001; Figure 1E ) as compared to SW responses (Armstrong-James et al., 1992; Brecht et al., 2003) .
To induce STD-LTP, we applied a classical AP-PSP-pairing protocol (Jacob et al., 2007; Markram et al., 1997) . After a 5-10 min baseline recording, whisker-evoked PSPs were paired with suprathreshold current injections for 3-5 min (0.667 Hz). Current injections induced short AP bursts (2.7 ± 0.8 [SD] spikes/burst, n = 54; Figures 2A and S2A-S2C) and were timed in such a way that they followed the PSP onset. The spike-time delay was defined as the difference between the average latency of the first AP, as measured over the pairing period, and the average PSP onset latency, as measured over the baseline period (D delay; . We aimed at pairing both responses with D delays of less than 15 ms, which is a typical window for STD-LTP (Feldman, 2000; Markram et al., 1997) . We analyzed the level of LTP as an average over the cell population as well as in individual cells. Pairing of PW-evoked PSPs with APs induced, on average, a long-lasting (24.1 ± 1.7 min) potentiation of subsequent PSPs (139% ± 6%, n = 11; p < 0.001; Figures 2B, 2D , and 2E). In contrast, pairing of SW-PSPs with APs failed to induce a potentiation (107% ± 2%, n = 14; p > 0.1; Figures 2C-2E) . Similarly, the pairing procedure significantly enhanced the integrated PW-evoked PSPs, whereas it failed to change the integrated SW-evoked responses ( Figures 2E and 2F ). The level of LTP based on PSP integrals was linearly related to the level of LTP based on PSP peak amplitudes. This indicates that LTP could reliably be detected using both parameters and that it was largely absent for the SW ( Figure 2F ). Whereas PW-evoked PSP-AP pairing induced significant LTP (p < 0.05, Kolmogorov-Smirnov test), ranging from moderate to high levels in 8 (PSP peak) or 9 (PSP integral) out of 11 cells, SW-PSP-AP pairing induced significant and moderate levels of LTP in only 3 (PSP peak) or 4 (PSP integral) out of 14 cells, and completely failed to potentiate responses in the other cells ( Figure 2G ). Thus, significantly more cells tended to express higher levels of LTP upon PW deflections, as compared to SW deflections ( Figure 2G ). Together, these data indicate that in contrast to PW-evoked PSPs, SW inputs to L2/3 pyramidal cells are not reliably potentiated using a classical STDP protocol. 
PW-Driven STD-LTP Depends on Postsynaptic Mechanisms
We characterized the main requirements for the induction of STD-LTP. In agreement with in vitro studies by Feldman (2000) , PW-driven LTP could not be elicited when we intentionally used D delays longer than 15 ms (30.8 ± 9 ms, n = 4; Figures 3A-3C ). Under these conditions the mean PW-evoked PSP amplitude remained similar to the baseline (102% ± 8%, n = 4; p > 0.1; Figure 3C ). LTP was neither induced when PSPs were not paired with APs (100% ± 5%, n = 6; p > 0.1).
Prolonged cell dialysis (33 ± 7 [SD] min after break-in, n = 3) also prevented PW-driven LTP (103 ± 0.8, n = 3; p > 0.1; Figure 3F) , suggesting that it was dependent on postsynaptic induction or expression mechanisms. To determine whether an increase in postsynaptic Ca 2+ concentration through NMDA receptors (NMDARs) was required for STD-LTP, we included the NMDAR open-channel blocker MK-801 (1 mM, n = 5) in the recording pipette solution (Humeau et al., 2005) . MK-801 efficiently prevented the induction of PW-driven LTP ( Figures  3D-3F ). Together, this indicates that the mechanisms for PW-driven LTP were congruent with postsynaptic STDP (Feldman, 2000; Jacob et al., 2007; Markram et al., 1997; Sjö strö m et al., 2008) .
STDP Parameters Are Similar between the PW and SW To exclude the possibility that different success rates between PW-and SW-driven LTP were based on coincidental differences in the STDP protocol, we compared its key parameters. The average D delays that were used in the pairing protocols did not differ between the PW and SW (PW, D delay = 5.7 ± 1 ms, n = 11; SW, D delay = 6.7 ± 1 ms, n = 14; p > 0.1; Figure 3G ), indicating that the lower success rates of SW-driven STD-LTP could not be accounted for by differences in PSP and AP latencies. In the LTP experiments the baseline SW-evoked PSP amplitudes were similar to the baseline PW-evoked PSP amplitudes (PWpre-EPSP, 6.8 ± 1.3mV, n = 11; SW-pre-EPSP, 7.2 ± 1.5mV, n = 14; p > 0.9), and we could not detect a correlation between the average baseline whisker-evoked PSP amplitudes and the subsequent levels of LTP (PW, r 2 = 0.14, p = 0.256; SW, r 2 = 0.18, p = 0.13; Figures 3H and 3I) . Neither did the PSP increase correlate with the pairing duration, the total number of APs, the mean number of APs per burst, the interspike intervals, or the AP frequency ( Figure S2C ). No statistical differences in these parameters were detected between the PW and SW (Figure S2C) . Because PSP-AP pairings may be more efficient in up states than in down states, we confirmed that pairing had occurred equally frequent in both states for the PW and SW. PW-driven LTP was somewhat lower but still significant when analyzed regardless of up or down states, and the absence of SW-driven LTP could not be explained by the restriction of our analysis to down states ( Figures S2D-S2G ). Together, these comparisons indicate that the lack of SW-driven LTP was not likely caused by variations in baseline values, analysis criteria, or STDP protocol parameters.
DWE Facilitates SW-Driven LTP
The nonpermissive nature of the SW-associated synaptic pathway to STD-LTP is at odds with studies that have linked LTP and STDP-like mechanisms to whisker deprivation-induced surround response potentiation (Clem and Barth, 2006; Diamond et al., 1994; Feldman, 2009; Glazewski et al., 2000) . We reasoned that whisker deprivation might induce a form of metaplasticity in L2/3 cells that allows spared whisker-driven STD-LTP, facilitating the response to surround whisker deflections. To test this hypothesis, we exposed mice to a brief period (2.4 ± 0.9 [SD] days, n = 28) of DWE by clipping all except the C1 and C2 whiskers ( Figure 4A ). In this model surround potentiation has been suggested to involve STDP (Diamond et al., 1994; Feldman, 2009 ).
DWE did not significantly change the mean PW-and SWevoked PSP peak amplitudes (PW, 9.3 ± 1.4mV, n = 20, p = 0.9; SW, 7.7 ± 1.1mV, n = 20, p = 0.121; compare Figures 4B and 1E), or PSP integrals (PW, 235 ± 32mV3ms, n = 20, p = 0.337; SW, 188 ± 25mV3ms, n = 20, p = 0.055; compare Figures 4C and 1E) as compared to normal whisker experience. Although SW-evoked PSPs were still smaller than PW-evoked PSPs (peak, p < 0.01; integral, p < 0.01; Figures 4B and 4C ), the ratio of the SW-/PW-evoked PSP amplitudes (SW/PW control, 0.58 ± 0.04; SW/PW DWE, 0.82 ± 0.06; p < 0.01; Figure 4D ) and integrals (SW/PW control, 0.64 ± 0.03; SW/PW DWE, 0.84 ± 0.04; p < 0.05; Figure 4E ) had significantly increased upon DWE. Therefore, although DWE had not potentiated PW-or SW-associated synaptic inputs at the population level, SW-associated inputs had gained relative strength in individual cells. Interestingly, this increase was evident for cells with high as well as low PSP integrals, indicating that DWE had affected SW-associated inputs of strongly as well as weakly connected cells (Figures 4F and 4G) . We verified whether the slightly enhanced SWevoked PSP amplitudes had caused an increase in SW-evoked spiking, as was previously observed in this model by Diamond et al. (1994) (data not shown). In control mice the PW elicited on average 0.04 ± 0.11 spikes per deflection (n = 33 cells), whereas the SW elicited only 0.02 ± 0.05 (n = 33 cells), which is in the same range as previous findings by Brecht et al. (2003) . DWE had not changed PW-evoked spiking (0.05 ± 0.16, n = 26 cells), whereas the SW-evoked spiking rates had tripled (0.07 ± 0.15; n = 34 cells). When the analysis was restricted to spiking cells only, this increase proved to be significant (p < 0.001). Together, these data demonstrate that DWE subtly changes SW-evoked PSP amplitudes and thereby increases average SW-evoked spiking rates.
We next tested whether DWE had increased the susceptibility for STD-LTP. Similar to the control conditions, the pairing of PWevoked PSPs with APs readily induced LTP (142% ± 13%, n = 7; p < 0.05; Figures 5A, 5C, and 5D). The average level of LTP was not significantly different from controls ( Figure 5E ). Interestingly, the pairing of SW-evoked PSPs with APs now also induced LTP (127% ± 6%, n = 8; p = 0.002; Figures 5B-5D ). The average level of SW-driven LTP was significantly higher as compared to controls ( Figure 5E ) and similar to PW-driven LTP (p = 0.305). This could not be explained by a change in postsynaptic excitability ( Figures S3A and S3B ). The increase in SW-driven STD-LTP was evident in both peak PSP amplitudes and PSP integrals ( Figure 5C ). The fraction of cells that displayed significant levels of SW-driven LTP had increased (p = 0.014) and now followed a trend that approached the PW-driven LTP scores (p = 0.479; Figure 5F ). Both the average D delays in the paring protocol and the baseline SW-evoked PSP amplitudes did not differ between controls and DWE animals ( Figures S3C and S3D) . In general the baseline PSP amplitude was not correlated with the success rate of LTP induction ( Figures S3E-S3H ), indicating that the increase in SW-driven LTP upon DWE was not due to a relative change in baseline SW-evoked excitatory synaptic responses. Similarly, although the variability in the SW-evoked PSP onset delays had become similar to the PW-evoked responses, this was not significantly correlated to the success rate of LTP induction in our data set ( Figures S3I-S3K ).
DWE Is Associated with a Reduction in SW-Evoked Inhibitory Input
What could be the mechanism underlying the facilitation of SWevoked STD-LTP upon DWE? Sensory deprivation has been shown to reduce feedforward inhibition in vitro (Chittajallu and Isaac, 2010; House et al., 2011; Jiao et al., 2006) , and a blockade of inhibition was shown to facilitate tetanic stimulation-mediated LTP in the barrel cortex (Glazewski et al., 1998) . We hypothesized that DWE might also suppress SW-evoked inhibitory responses and thereby enhance the susceptibility of this synaptic pathway to STD-LTP.
We measured whisker-evoked excitatory and inhibitory conductances as well as the latencies of the excitatory and inhibitory synaptic current onsets using voltage-clamp recordings. Recordings were made at various holding potentials (Vh = À100-0mV) to generate synaptic current-voltage (I-V) curves for every cell ( Figures 6A and 6B) . A cesium-based internal solution containing QX-314 was used to block potassium, sodium, and GABA-B-R conductances (Monier et al., 2008) . Only recordings with an initial series resistance (Rs) lower than 40 MU (mean, 25 ± 8 MU [SD] , n = 21) and a Rin/Rs ratio higher than 3 (mean, 7.1 ± 4 [SD], n = 21) were analyzed ( Figures S4A and S4B ). This allowed us to compare cells under various conditions (see Experimental Procedures). Under all conditions we found linear relationships between the integrated currents over a 5-to 40-ms-poststimulus period and the Rs-corrected holding potentials (Vcs) (R 2 , control PW: 0.96 ± 0.02 [SD] , n = 14; control SW: 0.95 ± 0.03 [SD] , n = 17; DWE PW: 0.95 ± 0.04, n = 11; DWE SW: 0.95 ± 0.05, n = 12) ( Figure 6B ). This indicates that NMDAR conductances had not or only minimally contributed to the responses (Manookin et al., 2008; Monier et al., 2008) . Based on the I-V regression slopes and the synaptic reversal potentials, we calculated the inhibitory (Gi) and excitatory (Ge) conductances over time ( Figures 6B-6F ) (House et al., 2011; Monier et al., 2008) . Inhibitory (Ei) and excitatory (Ee) reversal potentials were estimated to be À100 and 0mV, respectively. Calculation of Ei was based on an estimated extracellular chloride concentration ([Cl À ] e ) of 180 mM, which we verified pharmacologically in a subset of the recordings (Supplemental Experimental Procedures; Figures S4C-S4G ). The similarity between the derived and calculated reversal potentials indicates that the voltage clamps were rather accurate and that the calculated Gi and Ge were not greatly affected by a limited space clamp (Supplemental Experimental Procedures). Integrated conductances over a 40 ms period were used as a measure of the total Ge and Gi (Figures 6C-6F ). Compared to control conditions, DWE had not significantly changed PW-evoked Ge and Gi (Ge: control, 153 ± 30 nS.ms; DWE, 157 ± 32; p > 0.9; Gi: control, 137 ± 31 nS.ms; DWE, 122 ± 25 nS.ms; p > 0.9) (Figures 6C and 6E) . However, whereas DWE had left the SW-evoked Ge largely unchanged, it had reduced the SW-evoked Gi by more than 50% (Ge: control, 79 ± 12 nS.ms; DWE, 57 ± 11 nS.ms; p = 0.2; Gi: control, 79 ± 11 nS.ms; DWE, 37 ± 8 nS.ms; p < 0.01) (Figures 6D and 6F) . The notion that the SW-and not the PW-mediated Gi had decreased on the same neurons indicates that DWE had mostly influenced the SW-associated pathway and that these effects were very unlikely to be accounted for by space-clamp limitations (see Experimental Procedures). Because our estimated Ei was lower than the values that are classically reported for recordings in vitro, we recalculated the Gi and Ge over a range of Ei values:
] e = 250 mM). Under all assumed Ei values, DWE had significantly lowered the SW-mediated Gi, whereas PW-evoked conductances were unaffected ( Figures S4H-S4K ). This indicates that the decrease in inhibition was robust.
In a complete deprivation paradigm, the decrease and delay in inhibitory conductance in vitro are compensated by a decrease and delay in excitatory conductance to maintain the Gi:Ge ratio and timing constant (House et al., 2011) . In our DWE model the deprivation-mediated decrease in SW-evoked Gi was also accompanied by a small decrease in Ge, but this was insignificant and failed to rebalance SW-evoked Gi:Ge ratios ( Figures 6D and 7A) . As a result the fraction of inhibition was significantly lower for SW-evoked responses after DWE (Gi/(Ge+Gi), control, 0.51 ± 0.01, n = 14; DWE, 0.37 ± 0.03, n = 13; p < 0.001; Figure 7B ). Under control conditions the PWevoked inhibitory postsynaptic current (IPSC) onsets recorded at Vh = 0mV always followed the PW-evoked excitatory postsynaptic current (EPSC) recorded at Vh = À100mV (Figures 7C and  7D ). In contrast, SW-evoked IPSCs preceded on average the PW-evoked EPSCs (t IPSC À t EPSC , PW, 1.1 ± 0.2 ms; SW, À0.4 ± 0.3 ms; p < 0.001; Figures 7C and 7D) . After DWE the relative latencies of the SW-evoked IPSCs had changed. The average difference in the latencies between IPSCs and EPSCs (t IPSC À t EPSC ) was now positive for the SW (SW, 0.14 ± 0.32 ms, n = 13; Figure 7D ), and although it had not significantly changed as compared to controls, it had become almost similar to the latency differences that were observed for the PW (Figure 7E) . Together, these data indicate that DWE disproportionately attenuates the SW-associated inhibitory inputs on L2/3 pyramidal cells.
Blocking of Inhibition Facilitates SW-Driven STD-LTP
The concurrent reduction in SW-evoked inhibition and facilitation of SW-driven STD-LTP after DWE suggests that the disinhibition is a permissive factor for STD-LTP. We tested whether a block of L2/3-GABA-A-Rs by PTX could also facilitate SW-driven LTP. To avoid generalized epileptic activity of cortical networks, we applied PTX to the intracellular recording solution, which likely results in small and local diffusion of the drug in and around the recorded neuron ( Figure 8A ). Whisker-evoked outward currents were nearly absent at 0mV, indicating that PTX had successfully blocked GABA-ARs ( Figures S4C and S4D) . In contrast to the control conditions, SW-evoked PSPs could be readily potentiated upon pairing with APs ( Figures 8B-8D ) under PTX. Postpairing PSP peak amplitudes were now significantly higher than baseline PSPs (pre, 8.9 ± 1.6mV; post, 14.7 ± 2.3mV; p < 0.001; Figure 8D ), and the level of LTP was significant (171% ± 11%; p < 0.001; Figure 8E ). The fraction of cells that displayed significant LTP was also higher than under control conditions (p = 0.027; Figure 8F ). This suggests that a reduction of the inhibitory drive facilitates STD-LTP.
DWE Partly Occludes PTX-Mediated Facilitation of STD-LTP
To test whether the observed facilitation of SW-driven STD-LTP after DWE was indeed connected to reduced inhibition, we also measured the PTX-mediated increase in SW-driven LTP after DWE. We hypothesized that if PTX allows similar levels of SW-evoked LTP after DWE as compared to controls, the facilitating effect of PTX would be partly occluded, and disinhibition may have indeed been an important facilitating factor. On the other hand, if PTX allows higher levels of SW-evoked LTP, the facilitating effect of PTX would not be occluded, and additional mechanisms of metaplasticity may have instead played a dominant role in the facilitation of LTP.
Similar as in control mice, PTX facilitated the induction of SWdriven LTP after DWE ( Figure 8C ). Postpairing PSP amplitudes were significantly higher than baseline PSPs (pre, 7.2 ± 2.5mV; post, 11.4 ± 3mV, n = 5; p < 0.05; Figure 8D ), and the fraction of cells with significant LTP scores had increased ( Figure 8F ). However, PTX-mediated levels of LTP did not exceed the levels that were observed under control conditions (CTRL+iPTX, 171% ± 11%, n = 8; DWE+iPTX, 167% ± 15%, n = 5; p = 0.815; Figure 8E ). Thus, the fractional increase in the level of LTP due to PTX was lower after DWE than in controls (control, +60%; DWE, +30%), indicating that the DWE-mediated reduction in inhibition had partly occluded the PTX-mediated facilitation of STD-LTP. Altogether, this suggests that the DWE-mediated disinhibition of the SW-associated synaptic pathway had been responsible for the facilitation of SW-driven STD-LTP.
DISCUSSION
We showed that pairing of PW-evoked PSPs with injected APs induces LTP in L2/3 pyramidal cells of the barrel cortex in vivo. LTP induction was only successful in pairings with less than a 15 ms PSP-AP latency (i.e., ''pre-leading-post'') and depended on postsynaptic NMDARs (Figures 2 and 3) . Together, this suggests that LTP induction followed the requirements for STDP (Markram et al., 1997; Sjö strö m et al., 2008) , in line with studies in barrel cortex in vitro (Feldman, 2000; Hardingham et al., 2003) and other sensory systems in vivo (Froemke et al., 2007; Meliza and Dan, 2006) . Our findings complement a previous study in which a ''post-leading-pre'' STDP protocol efficiently induced synaptic depression in vivo (Jacob et al., 2007) . In that same study STD-LTP was also produced in a low number of cells, but not as robustly and efficiently as in our study.
There are several differences between the studies that could have caused this, such as the number of paired stimuli, pairing delay times, analysis criteria, species, and age (Banerjee et al., 2009 ). Furthermore, we used intrinsic-optical signal mapping to locate the PW-associated barrel column ( Figure S1 ), whereas the previous study identified the PW based on the ''best'' response from a group of neighboring whiskers. The latter method may not preclude selection of cells near the border of a neighboring column (Sato et al., 2007) . Thus, we may have selected a more homogeneous population of cells within the confines of the PW-associated barrel column that more consistently responded to the STD-LTP protocol.
We found that STD-LTP could not readily be produced when SW-evoked PSPs were paired with APs (Figure 2 ). This was unexpected because in accordance with previous studies (e.g., Brecht et al., 2003) , the SW evoked significant subthreshold PSPs (Figure 1) . Moreover, in our STDP experiments the pairing parameters as well as the PSP amplitudes were indistinguishable between the PW and SW (Figures 3 and S2) and were, therefore, unlikely to be accountable for the failure to induce significant SW-driven LTP. A lack of LTP could also be due to deficiencies in the molecular machinery that mediates it (e.g., NMDARs, CaMKII, and PKA levels). However, our finding that SW-evoked PSPs could be potentiated after a GABA-A-R block (Figure 8 ) suggests that the post-and presynaptic plasticity machinery is present in the SW-associated pathway (Hardingham et al., 2008) . Nevertheless, our data are consistent with previous studies, in which direct tetanic stimulation of L4-to-L2/3 synapses in vivo (Glazewski et al., 1998) , or STDP protocols ex vivo, poorly induced LTP across barrel columns of naive mice (Hardingham et al., 2011) . Together, this suggests that under normal circumstances PW-evoked PSPs may be potentiated, but SW-evoked PSPs are unlikely to be potentiated, upon increased concomitant postsynaptic and presynaptic spiking.
Our finding that pairing of PW-evoked PSPs with APs efficiently produced LTP supports the notion that LTP may underlie experience-dependent PW-driven response potentiation during normal development of the barrel cortex (Takahashi et al., 2003) and after single whisker experience (SWE) (Clem and Barth, 2006) . Whisking behavior may induce neuronal firing rates and PSP-spike-time delays that are supportive of STD-LTP of PW responses (Celikel et al., 2004; Kimura et al., 2010) , which may serve as a mechanism to strengthen and tune L2/3 receptive fields (Komai et al., 2006) . Continued susceptibility of PWevoked responses to STD-LTP in adulthood may function to increase sensitivity to PW-related inputs during learning. The low probability to induce surround STD-LTP on the other hand may prevent SWs from gaining excessive synaptic input during normal whisking and to maintain receptive field tuning in an intact system. Indeed, in the adult barrel cortex, receptive fields only modestly overlap in supragranular layers, do not readily change, and may even sharpen upon sensory enrichment (Feldman, 2009; Polley et al., 2004) .
Difference in Susceptibility of PW and SW Inputs to STD-LTP
What are the characteristics of the PW-and SW-associated synaptic pathways that could render them differently susceptible to STD-LTP? The most obvious distinction is that part of the PWevoked responses is transmitted through intracolumnar L4-to-L2/3 projections onto basal dendrites, whereas the SW-evoked activity first ascends to L2/3 of a neighboring barrel column and then spreads into transcolumnar horizontal L2/3-to-L2/3 projections that are intertwined with both basal and apical dendrites ( Figure 1B ) (Lü bke and Feldmeyer, 2007; Petersen et al., 2003) . Thus, the PW may activate a fractionally higher number of synapses on proximal dendrites as compared to the SW (Lü bke and Feldmeyer, 2007; Petreanu et al., 2009 ). For L2/3 pyramidal neurons of the visual cortex, it has been shown that STDP tends to induce lower levels of LTP in distal dendritic inputs (Froemke et al., 2005) . This is possibly due to a strong attenuation of back-propagating APs toward distal dendrites (Sjö strö m et al., 2008) , resulting in lower NMDAR activation levels in apical as compared to basal dendrites. In the barrel cortex such a mechanism could render SW-associated synapses less sensitive to STDP. Differences in clustering or functionality of synapses may also cause contrasting levels of plasticity (Humeau et al., 2005) , but it is as yet unclear if such differences exist between PW-and SW-associated inputs (Varga et al., 2011) .
Lateral or vertical forward inhibition (Adesnik and Scanziani, 2010; Chittajallu and Isaac, 2010; House et al., 2011; Kimura et al., 2010; Swadlow and Gusev, 2002) could further sculpt the differences between PW-and SW-associated excitatory pathways. In our study the inhibitory/excitatory conductance ratio was slightly but significantly higher for SW-evoked responses as compared to PW-evoked responses (Figures 6  and 7) . In addition the inhibitory currents preceded on average the excitatory currents for the SW, whereas for the PW the inhibitory currents occurred after excitation. This prompts the speculation that the SW recruits a different or an additional and slightly more potent inhibitory circuit, which may efficiently constrain the temporal summation of EPSPs (Pouille and Scanziani, 2001) or shunt back-propagating APs (Tsubokawa and Ross, 1996) and contribute to the insensitivity to forms of plasticity. In support of this we found that a block of GABAergic inputs greatly facilitated SW-driven STD-LTP (Figure 8) . Altogether, it is likely that differences in both excitatory and inhibitory pathways render the SW-associated inputs less permissive to STD-LTP than the PW-associated synapses.
Facilitation of Surround STD-LTP after Deprivation
We showed that trimming of all except two neighboring whiskers facilitated the induction of SW-driven STD-LTP ( Figure 5 ). This is in line with an ex vivo study in which across-barrel STD-LTP was facilitated after deprivation (Hardingham et al., 2011) . Whisker trimming did not change the baseline levels of SW-and PWevoked responses at the population level. However, the average SW/PW ratio had increased for most cells (Figure 4) . Because the recorded neurons were current clamped above the inhibitory reversal potential (Ei = À100mV), this could have been caused by a reduction in SW-associated inhibition (Kelly et al., 1999) . Alternatively, excitatory synapses from surround inputs could have been potentiated (Glazewski et al., 2000) . Interestingly, DWE did not block or occlude STD-LTP for either the PW or SW. This suggests that if LTP was expressed at this stage, it had not yet saturated whisker-response potentiation. This is different from observations after SWE, which occludes LTP between L4-L2/3 synapses in the spared column in vitro (Clem et al., 2008) . This difference may be related to the preparations and deprivation time but may also be essential to the difference between the two paradigms. In contrast to SWE (Glazewski et al., 2000) , DWE has been shown to cause only minimal expansions of spared whisker representations into deprived columns (Diamond et al., 1994) and thus may be a less-potent driver of LTP than SWE.
Our data imply that a reduced efficacy of SW-associated feedforward inhibition allowed the potentiation of SW-evoked PSPs (Figures 6 and 7) . The facilitated STD-LTP may continue to increase surround-evoked excitatory responses and promote connectivity changes in cortical networks (Cheetham et al., 2008; Hardingham et al., 2011; Wilbrecht et al., 2010) . The converse may happen during normal experience-dependent development of the barrel cortex. Recent evidence suggests that experience-driven maturation of feedforward inhibitory circuits in L4 is important for the circuit formation and correct sensory processing during postnatal development (Chittajallu and Isaac, 2010) . In this case the increased inhibition may tune the strength and timing of PW-related sensory input and decrease the plasticity potential of the SW-related circuit that is also impinging on these cells (Feldman, 2009; Shepherd et al., 2003) . In our study the decrease in SW-evoked Gi after DWE was not compensated by a reduction in SWevoked Ge (Figure 7 ). This suggests that, differently from complete sensory deprivation (House et al., 2011) , partial whisker deprivation disproportionately impacts the SW-associated inhibitory inputs on L2/3 pyramidal cells, not only between spared and deprived barrel columns, but also between two spared barrel columns. This may have been caused by a drop in tonic inhibition (Kelly et al., 1999) . This is supported by recent imaging studies in which visual deprivation induced widespread structural remodeling of L2/3 inhibitory cell synapses in the visual cortex (Keck et al., 2011; Chen et al., 2011) . Similarly, the removal of a digit in the raccoon is thought to cause disinhibition-driven expansion of cortical receptive fields (Tremere et al., 2001) . Conversely, increased sensory stimulation rapidly recruits inhibitory inputs to L4 in the adult barrel cortex, suggesting that inhibition is a tool to reduce receptive field sizes (Knott et al., 2002; Polley et al., 2004) . This taken together with our results suggests that cortical disinhibition is a generalized yet crucial event in the early phases of deprivation-mediated cortex plasticity. It is tempting to speculate that whisker-based associative learning-related changes in neighboring column L2/3 cell receptive fields (Rosselet et al., 2011) are also initiated by disinhibition and facilitated STD-LTP.
Could other factors have contributed to the facilitation of STD-LTP in our study? Because whisker deprivation does not alter the NMDAR composition (Clem et al., 2008; Hardingham et al., 2008) , it is unlikely that a change in NMDARs has caused the increase in surround STD-LTP in our study. Similar to LTP, surround potentiation in the barrel cortex is dependent on aCamKII autophosphorylation (Glazewski et al., 2000) . The addition of synapses could also increase the susceptibility to LTP and thereby contribute to the expansion of barrel cortex receptive fields (Cheetham et al., 2008; Hardingham et al., 2011; Wilbrecht et al., 2010) . In addition, deprivation unmasks a PKA-dependent plasticity mechanism that facilitates STD-LTP in deprived barrel columns in vitro (Hardingham et al., 2008) , or elicits mGluRmediated metaplasticity in a singly spared barrel column (Clem et al., 2008) . We cannot exclude that such changes in connectivity or postsynaptic molecular machinery contributed to the facilitation of STD-LTP of SW-evoked responses in our study. However, our finding that a GABA-A-R block did not on average enhance the levels of SW-driven STD-LTP after DWE as compared to the nondeprived barrel cortex (Figure 8 ) strongly suggests that disinhibition was at least an important contributing factor to DWE-mediated STD-LTP facilitation. In conclusion disinhibition-mediated facilitation of STD-LTP is likely to represent a form of metaplasticity that supports the experiencedependent fusion and expansion of receptive fields upon partial sensory deprivation.
EXPERIMENTAL PROCEDURES Animal Preparation
All procedures were performed according protocols approved by the ethics committee of the University of Geneva and the authorities of the canton of Geneva. Young adult C57Bl/6 male mice (postnatal day [P] 21-P51) were used. Control and deprived (DWE) mice were from the same litters. Experiments on control mice (n = 33; average weight, 13.4 ± 4 g) and deprived mice (n = 28; average weight, 14.1 ± 3 g; p = 0.2) were interleaved. All mice were housed in a moderately enriched environment (some tunnels and climbing racks were provided). For DWE all except the C1 and C2 whiskers on the left side of the snout were trimmed daily under light isoflurane anesthesia to keep the whisker stumps shorter than 2 mm. On the right side of the snout, all whiskers were trimmed. Experiments were performed after 2-4 days of DWE (mean deprivation time, 2.4 ± 0.9 days, n = 28). For control mice all except the C1 and C2 whiskers were trimmed under anesthesia just prior to the experiment. Mice were first anaesthetized with isoflurane (4% for induction with $0.5 l/min O 2 ) and then with urethane (1.5 g/kg, i.p., prepared in lactated ringer solution containing 102 mM NaCl, 28 mM Na L-Lactate, 4 mM KCl, 1.5 mM CaCl 2 ). Eye ointment was applied to prevent dehydration. The scalp was locally anesthetized with lidocaine (1%), the periosteum gently removed, and a custom-made plastic chamber was attached to the skull above barrel cortex (centered 1.5 mm posterior from bregma, 3.5-4 mm lateral) with dental acrylic and dental cement. The chamber was filled with sterile cortex buffer (125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 2 mM CaCl 2 , and 2 mM MgSO 4 [pH 7.4]) and sealed with a glass coverslip. Intrinsic optical signals (Figures 1A and S1A-S1C) were imaged through the intact skull using an Imager 3001F (Optical Imaging, Mountainside, NJ, USA). For details see Supplemental Experimental Procedures.
After imaging, a small, $1 3 1 mm piece of bone was removed using a dental drill (centered above the C2 whisker maximum intrinsic optical signal response). The dura was removed, and the craniotomy was covered with agarose (2% in cortex buffer). A glass coverslip was positioned over the agarose (covering more than half of the craniotomy) to reduce heartbeat and breathing-induced motion of the cortex.
In Vivo Whole-Cell Patch Clamp Whole-cell ''blind'' patch-clamp recordings were obtained as previously described by Brecht et al. (2003) . High-positive pressure (200-300 mbar) was applied to the pipette (5-8 MU) to prevent tip occlusion while penetrating the agarose and the pia. After passing the pia the positive pressure was immediately reduced to prevent cortical damage. The pipette was then advanced in 2 mm steps, and pipette resistance was monitored in the conventional voltageclamp configuration. When the pipette resistance suddenly increased, positive pressure was relieved to obtain a 3-5 gigaohm seal. After break-in, Vm was measured, and dialysis was allowed to occur for at least 5 min before deflecting the whisker. Data were acquired using a Multiclamp 700B Amplifier (Molecular Devices), and digitized at 10 kHz (National Instruments), using MATLAB (MathWorks)-based Ephus software (http://research.janelia.org/labs/display/ ephus; The Janelia Farm Research Center). Offline analysis was performed using custom routines written in IGOR Pro (WaveMetrics). All neurons were located between 100 and 275 mm below the pia (Supplemental Experimental Procedures).
Current-clamp recordings were made using a potassium-based internal solution (135 mM potassium gluconate, 4 mM KCl, 10 mM HEPES, 10 mM Na 2 -phosphocreatine, 4 mM Mg-ATP, 0.3 mM Na-GTP, 3 mM biocytin, 0.1 mM spermine, pH adjusted to 7.25 with KOH, 285 mOsm). Rs and input resistance (Rin, not including Rs) were monitored with a 100 ms long-lasting hyperpolarizing square pulse 400 ms prior to each whisker deflection, and extracted offline by using a double-exponential fit. Initial Rs and Rin were not different between CTRL and DWE cells (Supplemental Experimental Procedures). Recordings were discarded if one of the following conditions occurred: (1) Vm and Rs exceeded À50mV and 50 MU, respectively; (2) spontaneously occurring spikes were not overshooting; and (3) Rs or Rin changed more than 30% over the duration of the experiment. The bridge was usually not balanced, and liquid junction potential was not corrected.
Voltage-clamp recordings were made using a cesium-based internal solution (135 mM caesium methylsulfonate, 4 mM QX-314Cl, 10 mM HEPES, 10 mM Na 2 -phosphocreatine, 4 mM Mg-ATP, 0.3 mM Na-GTP, 3 mM biocytin, 0.1 mM spermine, pH adjusted to 7.25 with CsOH, 285 mOsm). Rs and Rin were continuously monitored in response to a À10mV square pulse before each whisker deflection (Figures S4A and S4B ; Supplemental Experimental Procedures). Cells were excluded for voltage-clamp analysis if one of the following conditions occurred: (1) Rs became higher than 40 MU, (2) Rin/Rs ratio became lower than 3 at break-in or during the experiment, and (3) Rs or Rin changed more than 30% over the duration of the experiment. The whole-cell capacitance and initial Rs were not compensated, but membrane potential was corrected offline for Rs using the equation Vc = Vh À (Rs 3 Irest), where Vh and Irest correspond to the command holding potential and the resting current at Vh (averaged along a 200-ms-long window before whisker deflection), respectively.
Whisker-Evoked PSP Analysis
Whisker-evoked PSPs were evoked by forth and back deflection of the whisker (100 ms, 0.133 Hz) using piezoelectric ceramic elements attached to a glass pipette $4 mm away from the skin. The voltage applied to the ceramic was set to evoke a whisker displacement of $0.6 mm with a ramp of 7-8 ms. The C1 and C2 whiskers were independently deflected by different piezoelectric elements. The amplitudes of the evoked PSPs were more pronounced during down states as opposed to the up states (Figures S1F-S1K). Peak amplitude and integral analysis was performed on each trace and then presented as a mean of at least 30 whisker-evoked responses. To define up and down states, a membrane potential frequency histogram (1mV bin width) was computed for each recorded cell (Figures S1F and S1G). For each trial the average membrane potential was determined (10 ms before the stimulus artifact), and if it overlapped with the potentials of the second peak, the trace was excluded (Figures S1F and S1G ). All other PSP analyses were confined to down states. The PSP onset latency was defined as the time point at which the amplitude exceeded 33 SD of the baseline noise over 5 ms prior to stimulation. It was determined based on an average of at least 20 whisker-evoked PSP traces.
STD-LTP Induction
The C1 or C2 whiskers were stimulated every 7.5 s (0.133 Hz) during a baseline period of 5-15 min. For each cell only one of the two whiskers was selected for the pairing with APs. STD-LTP was then induced by pairing each whiskerevoked PSP with a burst of postsynaptic APs (2.7 ± 0.8 [SD] spikes/burst, n = 54) induced by current injection through the patch pipette (500 ± 160 [SD] pA, 50-60 ms, n = 54). Each pairing was repeated every 1.5 s (0.667 Hz) for 178 ± 27 (SD) times (n = 54) over a 3-5 min period (4.4 ± 0.7 [SD] min, n = 54) ( Figures S2A-S2C ). For each cell the distribution frequency histogram of all evoked spikes was computed, and the mean delay time for the first AP was determined by fitting the first peak with a Gaussian ( Figures  S2A and S2B ). The latter delay was subtracted from the mean onset latency of whisker-evoked PSPs during the baseline period to get the pre-postpairing delay (Figures 2A, S2A , and S2B). DWE did not affect either the passive membrane properties or the excitability of L2/3 pyramidal neurons as revealed by the mean number of APs elicited by increasing current injection ( Figures  S3A and S3B ). After induction of STD-LTP, whisker-evoked PSPs were obtained every 7.5 s for at least 10 min (mean postpairing time: 22 ± 10 min [SD] , n = 54). Single trials were not included in the analysis if Rs and Rin changed by more than 30%, and if current-clamp holding potential varied more than 4mV (PW, Vm prepairing, À72.8 ± 3 [SD], Vm postpairing, À73.1 ± 2.5 [SD], n = 11; SW, Vm prepairing, À73.7 ± 4 [SD], Vm postpairing, À74.2 ± 4 [SD], n = 14).
Synaptic Conductance Analysis
Whisker-evoked synaptic conductances were determined using published methods by House et al. (2011) and Monier et al. (2008) in voltage clamp using whisker-induced postsynaptic currents (PSCs) recorded at 5 different holding potentials (Vh = À100, À70, À50, À30, and 0mV; 20 PSCs per Vh; 0.2 Hz). For details and discussion on voltage-clamp recordings and conductance analysis, see Supplemental Experimental Procedures. The onset latencies of EPSCs and IPSCs were determined at Vh = À100 and 0mV, respectively, similar to the PSP onsets.
Drug Application GABA-A receptors and NMDARs were blocked by local and intracellular diffusion of PTX (Sigma-Aldrich; 0.1 mM) and the NMDAR open-channel blocker MK-801 (Tocris; 1 mM) in the recording pipette solution, respectively. A total of 0.1 mM of PTX in the pipette permitted similar levels of LTP as could be obtained using 50 ml PTX (50-100 nM) topically applied to the brain but largely avoided epileptic network activity (data not shown).
Statistical Procedures
Data are presented as the mean ± SEM, except where stated differently, e.g., for SD. All statistical tests (MATLAB statistical toolbox; MathWorks) are mentioned in the figure legends. Details of statistical comparisons are provided in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi. org/10.1016/j.neuron.2012.05.020.
